The action of successful anticancer drugs depends largely on their ability to trigger cell death, and particularly apoptosis, in tumor cells. Their efficacy is often impaired by death escape mechanisms resulting from the accumulation of genetic alterations during the malignant transformation process (12) . Drugs inducing apoptosis fall into two classes according to their ability to activate either the extrinsic receptor-dependent apoptotic pathway, as do TRAIL and tumor necrosis factor alpha (TNF-␣) (22) , or the intrinsic pathway, as do cisplatin and other DNA-damaging agents (3) . The extrinsic pathway relies on binding of a ligand to its death receptor at the cell surface and on activation of procaspase 8 by protein complexes associated with the intracellular domain of the receptor (31) . The intrinsic pathway can be stimulated by genotoxic stress or by activation of the extrinsic pathway; such stimulation results in the release from injured mitochondria of proapoptotic molecules (e.g., cytochrome c) that are components of the apoptosome, which cleaves the cytosolic procaspase 9 (18) . The extrinsic and intrinsic pathways converge in the activation of downstream effector caspases (e.g., caspase 3) by cleaved caspase 8 and 9 (18, 31) . Multiple mechanisms have been identified in cancer cells that prevent these pathways from being activated. Most anticancer drugs are efficiently neutralized in tumor cells before they can induce DNA damage (24) . Down-regulation of death receptors or surface (over)expression of receptors lacking their cytoplasmic tails prevents the extrinsic pathway from being activated (30) . In addition, tumor cells overexpress antiapoptotic molecules (e.g., Bcl-2 family members, Flip, IAP) that prevent procaspase cleavage by activating complexes (3) .
Gliomas are the most common brain cancers, and the life expectancy of newly diagnosed patients is often less than a year (25) . These tumors are particularly resistant to conventional cancer therapy, and novel approaches are eagerly sought. Tumor progression and resistance to clinical treatment may be due in part to a defective apoptotic program and to overexpression of antiapoptotic molecules such as Bcl-2 or PEA15 (phosphoprotein enriched in astrocyte 15) (13) . Investigators have proposed novel therapeutic strategies based on targeting of the antiapoptotic pathways to restore apoptotic cell death, but the multiplicity of genetic alterations occurring in tumor cells jeopardizes treatment efficacy (48) .
Oncolytic viruses, and particularly some rodent parvoviruses, can interfere with the survival of low-passage-number and established cultures of human glioma cells (15) . Parvoviruses can induce death in a number of tumor cells while being innocuous to healthy tissues (37) . The exact mechanism of cell death triggered by these viruses is still unclear. Rodent parvovirus infections can induce either necrosis or apoptosis, depending on the tumor model considered. For example, after infection with the rat parvovirus H-1 (H-1PV), human monoblastic leukemia cells (U937) and several hepatocarcinoma cell lines die from apoptosis (26, 34) whereas transformed rat fibroblasts and human keratinocytes show signs of necrosis (32) . In the present study we have investigated whether human gliomas that have acquired resistance to death-inducing drugs can still be killed by parvovirus H-1. We have used low-passage-number cultures of glioma cells isolated from cancer pa-tients to show that parvovirus H-1 can induce nonapoptotic cell death irrespective of the responsiveness of tumor cells to apoptotic stimuli. This mechanism is dependent on both the accumulation of cathepsin B and L in the cytosol and the down-regulation of cystatins, the physiologic inhibitors of cathepsins. It is insensitive to Bcl-2 overexpression and results in the killing of tumor cells that have mechanisms enabling them to survive conventional treatments.
mM N-acetyl-L-cysteine. After a 10-min incubation, the substrate Z-Arg-Arg-AMC (Calbiochem) was added (1 mM), and the reaction was monitored for 1 h on a Fluoroskan & FL luminometer (Thermolabsystem) for measurement of emission at a wavelength of 455 nm after excitation at a wavelength of 360 nm. Caspase activity was determined by adding 25 l of whole-cell extract to caspase buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 0.1% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 0.1% Triton X-100, 1 mM EDTA, 10% glycerol, 10 mM dithiothreitol) supplemented with 1 mM caspase 3 (Ac-Asp-Glu-Val-Asp-AFC), 8 (Z-Ile-Glu-Thr-Asp-AFC), or 9 (Ac-Leu-GluHis-Asp-AFC) substrate (Calbiochem). The reaction was monitored for 1 h on a Fluoroskan & FL luminometer (Thermolabsystem) for measurement of emission at a wavelength of 510 nm with the excitation wavelength set at 390 nm.
Immunoblot analyses. Proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Protran; Schleicher & Schuell, Relliehausen, Germany) by use of a semidry blotting apparatus (Bio-Rad Laboratories, Munich, Germany). The primary antibodies used for immunostaining were directed against human cathepsin B (clone CB 59-4B11), cathepsin L (clone CPLH 33/2), cystatin B (clone RJMW 2E7), ␤-tubulin (Sigma), cystatin C, PTEN (Upstate Biotech, Hamburg, Germany), green fluorescent protein (GFP), Lamp2 (Santa Cruz, Heidelberg, Germany), Bcl-2 (Calbiochem), Flip (Apotech, Epalinges, Switzerland), NS1 (rabbit antiserum ␣SP8), or VP (rabbit antiserum polypeptide; region of nucleotides 3610 to 4310 of the H-1PV genome). Peroxidase-conjugated secondary antibodies were all purchased from Santa Cruz. Immunodetection was performed with Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Rodgau-Jügesheim, Germany).
Immunoprecipitation analyses. Cells were lysed in radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium deoxycholate, protease inhibitor cocktail), and 200 g total protein extract was precleaned with 40 l protein G Sepharose bead slurry (80%) for 1 h at 4°C. Precleaned extracts were subsequently incubated for 2 h at 4°C with 1 g of p53 (Ab-6)-or mutp53 (Ab-3)-specific antibodies bound to 50 l protein G Sepharose bead slurry (80%). Proteins were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted, and immunostained as described above, using antibodies directed against p53 (Ab-7), biotin-conjugated anti-sheep antibodies, and peroxidase-conjugated streptavidin. Antibodies were all purchased from Calbiochem, protease inhibitor cocktail from Roche, and protein G Sepharose from Upstate Biotech.
Southern blot analysis. Low-molecular-weight DNA was extracted from H-1PV-and mock-infected cell pellets by the Hirt procedure (15a). DNA was fractionated by agarose gel electrophoresis and blotted onto nylon membranes. Membrane-bound DNA was hybridized to an NS-1 gene-specific DNA probe (42) . PCR analysis. Genomic DNA was extracted from cultured cells by the standard phenol-chloroform-proteinase K protocol (38) . The primer sequences to determine the integrity of the INK4 locus were as follows: for p16 exon 2, 5Ј-CAA TTA CCA CAT TCT GCG CTT-3Ј (sense) and 5Ј-CAG GCA GAG AGC ACT GTG AG-3Ј (antisense); for p19 exon 2, 5Ј-GGA AAC TGA GGC GAA CAG AG-3Ј (sense) and 5Ј-TAT CTC ACG GGT CCT CCA CT-3Ј (antisense); and for INK4 exon 2, 5Ј-TGG ACG TGC CGC GGA TGC-3Ј (sense) and 5Ј-GGA AGC TCT CAG GGT ACA AAT TC-3Ј (antisense).
Assessment of cell viability and lysis. Viability was determined using hexosaminidase assays performed according to a previously well-established protocol. Briefly, cultures in 96-well plates (3,000 cells per well) were washed twice in PBS. Reaction buffer (3.75 mM p-nitrophenol-N-acetyl-␤-D-glucosaminide in 0.05 mM citrate buffer [pH 5.0]-0.25% Triton X-100) was added (100 l per well). After a 3-h incubation at 37°C, the assay was stopped and the color developed by adding a 1.5 vol of 50 mM glycine-5 mM EDTA (pH 10.4). The absorbance was read at 405 nm. Cell lysis was determined by measuring the release of glucose 6-phosphate dehydrogenase into culture medium by use of a Vybrant cytotoxicity assay kit (Molecular Probes) according to the manufacturer's instructions.
Animal treatment. Rat glioma (RG2) cells were intracerebrally implanted (3,000 cells/animal) into Wistar Kyoto inbred rats, and tumor development was monitored by magnetic resonance imaging. On day 11 postimplantation, both the tumor and its corresponding portion in the tumor-free hemisphere were stereotactically injected with H-1PV (1 PFU/cell) or mock treated. Animals were sacrificed on day 3 postinfection, and protein extracts from resections of tumors and healthy brains were prepared for measurement of cathepsin B activity. (20) . Our first step in the present work was to analyze the sensitivity of low-passagenumber cultures of human glioma cells to a DNA-damaging agent and a soluble death ligand that are both known to induce apoptosis. Since preexposure of cells to clinical treatment could lead to selection of resistant variants, the cultures were derived from tumor resections from patients who had not been exposed to antitumor therapy prior to surgery. Low-passagenumber cultures and two established glioma cell lines were incubated with increasing concentrations of cisplatin or TRAIL, which induce cell death via the intrinsic or extrinsic apoptotic pathways, respectively. After a 30-h exposure, the hexosaminidase assay was used to compare numbers of living cells in treated and control cultures ( Fig. 1) . Out of seven cultures tested, only two were sensitive to TRAIL (Fig. 1A ) and three to cisplatin (Fig. 1B) , while the others showed little alteration of their proliferation and/or viability even at high doses of these agents. It is noteworthy that primary cultures of normal human astrocytes proved sensitive to cisplatin (data not shown), indicating that in the in vitro system tested the drug had no specificity for cancer cells. The different cultures displayed a heterogeneous pattern of oncogene and antioncogene mutations, reflecting the known high genetic diversity of human gliomas (Table 1) (25, 48) . This cell collection thus appeared to be representative of human gliomas with regard to both its genetic alterations and frequent resistance to conventional treatments. It therefore appeared suitable for evaluating the antiglioma efficacy of novel therapeutic agents.
Glioma cells resistant to inducers of apoptotic death are sensitive to the oncolytic activity of H-1PV. The resistance of many gliomas to anticancer drugs has been attributed to the suppression of apoptotic pathways in those cells. In this context it is noteworthy that parvoviruses have been shown to induce the death of certain cells by activating caspase 3 via a TNFdependent and/or a Bcl-2-sensitive pathway (17, 34) . This prompted us to test whether H-1PV could still bypass the resistance to cisplatin or TRAIL in the glioma cell collection described above. Cultures of glioma cells and of normal human astrocytes were inoculated with H-1PV at increasing multiplicities of infection (i.e., numbers of particles per cell), and their subsequent growth was compared with that of mock-treated cultures. All cultures tested, apart from normal astrocyte cultures, proved sensitive to H-1PV, as shown by a 60% to 80% reduction in the number of living cells counted at 48 h postinfection (Fig. 1C ). This inhibition of glioma cell growth was due, at least in part, to the ability of H-1PV to induce lysis of these cells, resulting in a 50% release of glucose-6-phosphate dehydrogenase (G6PD) into the medium by 48 h postinfection (data not shown). In contrast, the growth of cultured H-1PV-infected normal astrocytes was only slightly reduced (Fig. 1C ). This slight reduction was not accompanied by detectable cell lysis and was transient (data not shown). H-1PV can thus efficiently kill cultured glioma cells that are resistant to cisplatin, TRAIL, or both.
Given the above-mentioned apoptotic activity of H-1PV in certain cell systems, the question arose whether this virus would still trigger apoptosis in cells that resist treatment with conventional inducers. The ability of H-1PV to trigger apoptotic cell death in glioma cells was tested by measuring the induction of caspase 3 activity in infected cells in comparison to the results seen with cultures treated with cisplatin or TRAIL ( Fig. 2A) . We observed a correlation between the ability of cisplatin or TRAIL to cause cell death (see Fig. 1 ) and the induction of caspase 3 activity, except for the U373MG line, in which cell death was detected after treatment with cisplatin despite the absence of caspase 3 activity. In cells sensitive to either cisplatin (NCH82, NCH149) or TRAIL (NCH37, NCH89), H-1PV infection led to caspase 3 activation. As expected, no caspase 3 activation was detected after cisplatin or TRAIL treatment of glioma cells resistant to these drugs (U138MG). Interestingly, H-1PV also failed to cause caspase 3 activation in these cells, although it did kill them. It thus appears that H-1PV cannot bypass the resistance mechanism(s) preventing cisplatin and TRAIL from activating the apoptotic machinery in some glioma cells, although it does jeopardize the survival of these cells through another death pathway.
A mechanism developed by tumor cells to prevent caspase activation is the overexpression of polypeptides that directly inactivate caspases or their activating complexes. In particular, Flip interacts with the cytoplasmic domain of death receptors, preventing cleavage and activation of caspase 8 (43) . Bcl-2, on the other hand, prevents mitochondrial membrane depolarization and relocation of cytochrome c to the cytosol. Bcl-2 has been shown to interfere with either the intrinsic or the extrinsic apoptotic pathway, depending on the cell type (8, 39) . To test whether Flip or Bcl-2 can modulate H-1PV-induced cell death, each of these factors was overexpressed in NCH82 cells. This low-passage-number glioma culture was chosen for its sensitivity to H-1PV, cisplatin, and, to some extent, TRAIL (Fig. 1) . Expression of Flip or Bcl-2 was confirmed by immunoblotting and was unaffected by cell infection with H-1PV (Fig. 2B) . Bcl-2 overexpression prevented caspase 3 activation upon exposure of the cells to H-1PV, cisplatin, or TRAIL. As expected, Flip overexpression inhibited the activation of caspase 3 following treatment with TRAIL but not treatment with cisplatin. On the other hand, Flip interfered with H-1PV-induced caspase 3 activation to only a small extent (Fig. 2C) , suggesting that in infected cells, this process may depend mostly on the loss of mitochondrial membrane potential. Interestingly, although overexpression of Bcl-2 blocked caspase 3 activation in cells treated with cisplatin, TRAIL, or H-1PV, it protected the cells only against the cytotoxic action of cisplatin and TRAIL but not against H-1PV-induced killing (Fig. 2D) . This result, along with that of the absence of caspase 3 activation in infected U138MG and U373MG cultures, shows that parvovirus H-1 can promote procaspase 3 cleavage but that this process is not essential for H-1PV-induced cell death. Lysosomal cathepsins accumulate in the cytosol of H-1PV-infected cells. The above-described observations led us to hypothesize that caspase 3 cleavage may be a side effect of H-1PV infection and reflect the activation of proteases in response to the viral infection of glioma cells. In keeping with this possibility, caspase 3 was previously reported to be a target for active cathepsins (16, 19) . Cathepsins are normally located inside lysosomes, and their targeted transport from the endoplasmic reticulum to these organelles minimizes their impact on the cytosol. Under stress, e.g., exposure to lysosomotropic agents or starvation, the integrity of the lysosomal membrane is lost, and the release of cathepsins into the cytosol induces cell necrosis (11) . In H-1PV-infected glioma cells, a twofold increase in the cytosolic fraction of total cathepsin B activity was observed (Fig. 3A) . This parvovirus-induced imbalance of cytosolic versus lysosomal cathepsin was further confirmed by cell fractionation. Postnuclear extracts were fractionated by density gradient centrifugation, and the lysosomal fractions were identified by detection of the lysosome-associated protein Lamp2. The enzymatic activity of cathepsin B decreased in the Lamp2-positive fractions from infected cells, which showed a much higher level of cathepsin B in the cytosolic fraction compared to mock-treated cells (Fig. 3B and C) . Similarly, the cytosol of infected cells became richer in the active cathepsin L form (Fig. 3D) . Altogether, these data lead to the conclusion that H-1PV infection results in an alteration of the distribution of lysosomal proteases, an enhanced proportion of these enzymes being present and active in the cytosol. How H-1PV induces cathepsin accumulation in the cytosol of infected cells remains an open question. Alteration of cathepsin distribution and concomitant death of glioma cells were not observed after treatment with empty (genome-free) capsids or UV-inactivated virus or after infection with full virions and cotreatment with bromodeoxyuridine (BrdU; 30 M) or aphidicolin (20 M), conditions allowing viral entry but preventing the onset of genome replication (21, 36) (data not shown). Thus, H-1PV DNA replication, gene expression, or both appear to be required for these viral effects. Viral structural (VP) and nonstructural (NS) proteins were found mostly in the cytosol and nucleus of infected cells, and yet a significant minor fraction of both products was associated with organelles, and in particular with the Lamp2-positive lysosomal fraction (Fig. 3B) . Viral proteins may thus be present in the lysosomes and participate directly in the location of cathepsins in the cytosol. Yet parvoviral products, particularly the NS proteins, have multiple effects on both virus and host cell physiology (41) which might indirectly cause the observed change in the fate of cathepsins.
Cathepsin B inhibition protects glioma cells from H-1PV-induced oncolysis. To further confirm the role of cytosolic cathepsins in the death of H-1PV-infected glioma cells, we tested the ability of the cathepsin B inhibitor Ca-074 Me to protect these cells from H-1PV-induced killing. NCH82 cells were infected with H-1PV (5 PFU/cell) and cultured under standard growth conditions or in medium supplemented with Ca-074 Me (10 M) or the caspase 3 inhibitor DEVD-CHO (20 M). As shown in Fig. 4A , Ca-074 Me exerted almost full protection, indicating that cathepsin B is an indispensable component of virus-induced glioma cell death. This drug is likely to interfere directly with H-1PV-triggered death pathway rather than with production of cytotoxic viral intermediates, as no change in H-1PV protein synthesis was detected in the presence of Ca-074 Me (Fig. 4B) . The role of lysosomal proteases in H-1PV-triggered induction of glioma cell death was further substantiated by siRNA knockdown experiments. Down-regulation of cathepsin B expression in siRNA-treated NCH82 cells (Fig. 4C ) was found to correlate with a reduced ability of cell protein extracts to cleave a cathepsin B substrate (Fig. 4D) . NCH82 cells transfected with cathepsin-specific siRNAs proved less sensitive to H-1PV-induced killing than the corresponding parental cells (Fig. 5A) , confirming the involvement of cathepsins in viral cytopathic effects. As with the above-mentioned inhibitors, the presence of cathepsin-specific siRNA had no detectable effect on virus replication or expression ( Fig. 4E and F) .
As shown in Fig. 4G , infection of low-passage-number glioma cell cultures with H-1PV resulted in weak, but significant, Bcl-2-sensitive activation of caspase 3 (see also Fig. 2 ) and caspase 9. By preventing the release of cytochrome c from mitochondria, Bcl-2 prevents it from contributing to the formation of the caspase-9/caspase-3-activating complex. Previous reports have shown that cathepsins can participate in caspase 3 activation and, as a result, promote cell death (16, 19, 28) . Treatment of glioma cells with the cathepsin B inhibitor Ca-074 Me reduced H-1PV-triggered caspase 3 and caspase 9 activation while having no effect on the induction of this activation by cisplatin, which does not lead to cathepsin activation. These results suggest that caspases are indeed direct or indirect targets of the cathepsins accumulating in the cytosol of H-1PV-infected cells. Yet this cathepsin-mediated activation of caspases is not essential for the killing effect of the virus, since neither the suppression of caspase activation by Bcl-2 overexpression nor coincubation with the caspase 3 inhibitor Fig. 2D and 4A ).
Physiological inhibitors of cathepsins are down-regulated in H-1PV-infected glioma cells.
Cathepsin activity is tightly regulated by pH and by polypeptides of the cystatin family. Among these, cystatin C has a signal peptide for extracellular transport and controls secreted cathepsin activity, while cystatin B is intracellularly located and inhibits cytosolic cathepsins accidentally released from or not delivered to the lysosomes (33) . To investigate a possible involvement of cystatin B in H-1PV- control) . The cells were transfected with cathepsin B-specific, cathepsin L-specific, or control (Luc) siRNAs or left untreated. Data are expressed as total G6PD activity in H-1PV-versus mock-infected cultures normalized with respect to a fully lysed positive control. (B) Steady-state levels of cathepsin B and of its inhibitors cystatin B and C were measured by Western blotting performed with H-1PV-versus mock-infected normal astrocytes and indicated glioma cells. ␤-Tubulin was used to control protein load matching. The parvoviral NS1 protein served as a marker of H-1PV infection. (C) NF-B activity was determined in NCH82 glioma cells after H-1PV or mock infection. Transient expression assays were carried out, using a reporter Luc gene under the control of a promoter containing multiple copies of a NF-B-responsive element. A minimal cytomegalovirus promoter lacking these elements was used as a control. Gene expression is expressed in relative fluorescence units.
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induced killing, NCH82 cells were infected with a recombinant retrovirus driving overexpression of either a cystatin B-GFP fusion protein or GFP alone (as a control) or were left untreated. Cells overexpressing cystatin B were less sensitive than control cells to H-1PV-induced killing and could not be further protected from the viral toxic effects by means of cathepsinspecific RNA interference (Fig. 5A) . Since cystatin B overexpression reduced H-1PV-induced cell death, we measured the levels of cathepsin B and cystatins in H-1PV-and mock-treated glioma cells. While cathepsin B levels were either unchanged or only slightly reduced, the expression of both cystatin B and C was clearly down-regulated in infected versus mock-treated cells (Fig. 5B) . It has been reported that NF-B-responsive genes such as Spi2A can also inhibit cathepsin B activation (23) . This prompted us to examine whether H-1PV infection might modulate NF-B activity in NCH82 cells. To this end, cultures were transfected with a NF-B-driven Luc reporter gene, and the relative fluorescence levels were compared between mock-and H-1PV-infected cells. Data were normalized using a vector expressing GFP under the control of the cytomegalovirus promoter. No significant change in Luc activity was observed upon infection (Fig. 5C) . Altogether, these data indicate that H-1PV-induced activation of cathepsins is due, at least in part, to reduced cathepsin inhibitor expression and that this effect is not mediated by NF-B.
H-1PV-induced tumor regression is associated with cathepsin B activation in vivo. In a rat syngeneic glioma model based on intracerebrally implanted rat glioma (RG2) cells, the presence of H-1PV results in striking and irreversible tumor regression (K. Geletneky, M. Herreroy Calle, L. Deleu, C. Sommer, R. Koch, J. Rommelaere, and J. R. Schlehofer, unpublished data). This prompted us to determine the effect of the intracerebral injection of H-1PV on cathepsin B activity in healthy brains and gliomas (Fig. 6A) . In the healthy brains, cathepsin B activity was very low In contrast, H-1PV-induced glioma regression in vivo was found to be associated with a striking enhancement of cathepsin B activity. This induction could already be detected in mock-treated tumors, and it was further increased as a result of their infection with the virus. While H-1PV-dependent activation of cathepsins in human glioma cell cultures took place in the absence of a significant change in enzyme concentrations (see above), rat glioma in vivo infection with parvovirus H-1 resulted in a clear increase in the total amount of tumor-associated cathepsin B (Fig. 6B) . Altogether, these data argue for the possibility that the accumulation of cathepsin B inside infected tumor cells and its release in the extracellular space after cell death may contribute to glioma regression and the observed formation of a vitreous cavity in the place of the tumor.
DISCUSSION
Cancer cells have developed numerous mechanisms to escape from induction of death by anticancer drugs. Here we show that the oncolytic rodent parvovirus H-1 can circumvent glioma cell-acquired resistance to inducers of both the intrinsic and extrinsic apoptotic pathways by activating a nonapoptotic type of death. Investigation of the interaction of H-1PV with gliomas may thus help to unravel novel facets of cell death mechanisms and to develop new therapeutics likely to be effective against tumors that resist conventional anticancer treatments.
Parvovirus H-1 was found to kill glioma cell death via a nonapoptotic cell mechanism mediated by cathepsins. Lysosomal membrane permeabilization (LMP) and the resulting release of lysosomal enzymes, and in particular cathepsins, into the cytosol have been already shown to mediate cell death (7, 10) . A unique feature of H-1PV-induced glioma cell killing lies in the fact that it requires the cytosol to both accumulate cathepsins and lose cathepsin inhibitors. Experimental conditions interfering with either of these changes in apoptosiscompetent cells result in a reduction of the ability of H-1PV to exert a cytotoxic activity and process effector caspases. Yet cathepsin-dependent caspase activation is not essential to virus-induced glioma cell death, since Bcl-2 suppresses the former but not the latter. Further studies are thus needed to identify the cellular targets of cytosolic cathepsins mediating H-1PV cytotoxicity.
Since cathepsins are normally confined to the lysosomes, their accumulation in an active form in the cytosol of infected cells implies that H-1PV either inhibits their translocation into the organelles or causes their release by LMP. Several reports indicate that LMP is triggered by various inducers of p53-dependent and -independent death, including TNF and proapoptotic drugs, in rodent fibroblasts (7), colon cancer cells (5) , and myeloid leukemic cells (44) . H-1PV-induced redistribution of lysosomal cathepsins is not mediated by TNF, since all cells tested in this study were TNF resistant. Furthermore, H-1PV cytotoxicity does not appear to be associated with the induction of detectable TNF production (34) . TRAIL is also unlikely to mediate redistribution, since this ligand has recently been shown to promote cell death through caspase 8-induced cathepsin B activation (28) . Generally speaking, the cytosolic accumulation of cathepsins in H-1PV-infected glioma cells can occur under conditions in which effector caspases are not activated. Permeabilization of vesicles may result from reactive oxygen species production (2) or from the activation of cellular phospholipases (47) . H-1PV has been shown to block the generation of reactive oxygen species in HeLa cells (32) , and inhibition of cPLA2 by chemical agents has no effect on H-1PV-induced cell killing in gliomas (data not shown). Yet a domain displaying PLA2 activity has been identified within the capsid protein VP1. Under acidic conditions (e.g., in endosomes), the capsid structure is modified, resulting in exposure of this domain and enabling the virus to exit from the acidic vesicles (6, 40, 45) . Should neosynthesized VP proteins or progeny particles transit through endolysosomal vesicles, VP1 might conceivably affect the stability of vesicle membranes and, as a result, alter the trafficking of cathepsins between the cytosol and the organelles. This hypothesis is consistent with the detection of viral proteins in the vesicles of H-1PV-infected glioma cells, particularly in the Lamp2-positive fraction. The degree of LMP was proposed to determine the balance between apoptotic and necrotic death, with partial lysosomal permeabilization favoring the former and extensive lysosomal destabilization leading to the latter (11). This does not appear to always hold true, since our results indicate that limited and very selective permeabilization of lysosomes is enough to trigger a necrotic type of death in H-1PV-infected glioma cells. The dominance of necrosis in this system may be due, at least in part, to the presence of antiapoptotic signals in glioma cells. Other cells, such as U937 cells derived from a myeloid leukemia, have indeed been shown to die of apoptosis upon H-1PV infection (34) . It is noteworthy that U937 cell variants surviving H-1PV infection are also resistant to death induction by TNF (34) and that TNF-induced killing of U937 cells depends on the expression of cathepsins (4). Thus, cathepsin activation appears to be a key element in parvoviral cytotoxicity, although the type of ensuing cell death may differ according to other cellular determinants. Inhibitors of NAD-consuming enzymes have also been shown to affect the balance between apoptosis and necrosis after cell infection with H-1PV (32) . This may be due to the role of lysosomes in parvovirus-induced cell death, since the NAD ϩ /NADH system is involved in electron transport and acidification in these organelles (9) .
Interestingly, the present report shows for the first time that an increase in the cytosolic cathepsin activity can result not only from the enrichment of the cytosol in cathepsin molecules but also from the reduction of the content of its inhibitors (cystatin B and C). The combination of both of these effects presumably accounts for the striking increase in cathepsin activity that was observed in the cytosol of H-1PV-infected glioma cells and that was necessary for their killing. This finding points to a role of cystatin family proteins in the survival of cancer cells. In keeping with this, cystatin B and C are overexpressed in gliomas (46) , accounting for the resistance of these tumors to conventional LMP-inducing agents. Successful H-1PV-induced glioma cell killing thus requires both the relocation of cathepsins and their relief from cystatin inhibition. It is noteworthy that highly malignant gliomas show lower cystatin C levels than astrocytomas (29) , suggesting that the oncolytic activity of H-1PV may be even stronger against high-grade than against low-grade gliomas.
A main limitation of anticancer treatments lies in their side (1, 15) , their lower level of cathepsin B, and their lack of cystatin B downregulation upon infection.
In conclusion, H-1PV has developed an efficient strategy for killing human glioma cells through cytosolic activation of cathepsins. This parvovirus is indeed able to target lysosomal proteases from two sides, by inducing their cytosolic accumulation and suppressing their cytosolic inhibitors. Cathepsins are highly expressed in high-grade tumors and participate in normal tissue invasion by malignant cells (27, 35) . A strategy taking advantage of this overexpression to induce killing of tumor cells seems particularly attractive. The evidence presented here suggests that parvoviruses could be used to this end and are especially relevant to the treatment of gliomas through their ability to efficiently hijack the lysosome-cathepsin pathway and kill tumor cells, whether or not these are resistant to conventional death inducers.
